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Modulation effects in multi-section semiconductor lasers

Nicholas G. Usechak?, Matt Grupen?, Nader Naderi®, Yan Li®,
Luke F. Lester?, and Vassilios Kovanis?
aAir Force Research Laboratory, 2241 Avionics Circle, Wright—Patterson AFB, OH 45433, USA
bCenter for High Technology Materials, University of New Mexico,
1313 Goddard SE, Albuguerque, NM 87106, USA

ABSTRACT

The current modulation of a two-section semiconductor laser is first reviewed analytically using a well-known, closed-
form, modulation expression. A system of traveling-intensity equations is then used to investigate spatial effects in
these lasers including cavity layout and the role played by cavity length. The numerical simulations verify the ac-
curacy of the analytic expression for short cavities (low frequencies) but identify shortcomings as the cavity length
(modulation frequency) is increased. One notable difference is the presence of resonant peaks in the modulation re-
sponse. Although this effect has been addressed in the past, the arrangement of sections within the laser is shown
to play a prominent role in these monolithic devices for what we believe to be the first time. In the course of this
investigation the thirteen different ways a two-section semiconductor laser can be current modulated are identified and
computationally investigated.

Keywords: Multi-section semiconductor lasers, laser modulation, RF photonics, gain lever, feedback-enhanced mod-
ulation, resonant modulation

1. INTRODUCTION

The modulation of semiconductor lasers has been investigated since the 1960s when they were first* placed inside mi-
crowave waveguides to achieve optical modulation at RF frequencies [1]. In spite of its long history, laser modulation
is more relevant today than ever for applications such as antenna remoting, clock distribution, communications, and
as an experimental tool to extract laser parameters such as lifetimes. Still, the majority of research performed in this
area has focused on the uniform modulation of the entire laser cavity. This is no surprise since these devices are easily
made, readily available, and consequently the most heavily studied.

Although the modulation of single-section lasers has received considerable attention, multi-section lasers have an
equally long history dating back to Lasher’s proposal of a bistable laser for use as a high-speed optical element in
1964 [2]. Indeed, this topology was experimentally investigated directly following its proposal [3-5], although thresh-
old could only be reached under pulsed operation at the time. Initial investigations focused on a situation where one
of the sections was exploited for its saturable absorption properties which promoted bi-stability [5] or the formation
of transient pulses [6]. This work spurred investigations into Q-switching (see [7] and the references therein) and
coincided with the demonstration of the first passively mode-locked semiconductor laser [8]. It is interesting to note
that in Ref. [8] an external cavity was used to achieve mode locking; a monolithic mode-locked semiconductor laser
was not realized until decades later [9] despite the contemporary device topology being essentially the same as that
proposed in Ref. [2].

In the context of the present work, where we are concerned with the role of optical feedback on laser modulation,
it is important to point out a somewhat separate community, more aligned with injection-locked lasers, which consid-
ered the role of semiconductor lasers in free-space external Fabry—Perot cavities [10-15]. The mode locking of such
lasers [8, 11] was first investigated analytically using a rate-equation model in the late 1970’s [16, 17]. Ultimately,

*In this work we are focusing on cw sinusoidal modulation. Earlier pulsed modulation work was done by Goldstein and others.
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the small-signal modulation response of these lasers was investigated both analytically and experimentally by Glasser
[18]. Indeed, in Ref. [18] cavity effects, as they pertain to small-signal modulation, were studied analytically for the
first time. Specifically, the role of cavity/feedback enhancement, also referred to as “resonant modulation”, was in-
vestigated using a delay model which sought to include the external cavity’s periodic boundary condition while still
treating the laser as a point source within this larger free-space cavity. By exploiting the enhancement offered by a
heterogeneously modulated cavity, very high-frequency modulation, beyond that available due to carrier-relaxation
dynamics, was later achieved at the expense of modulation bandwidth [19]. To conceptually understand this feedback-
enhanced modulation we note that the small-signal modulation of a longitudinally heterogeneous semiconductor laser
at an integer multiple of the cavity’s free-spectral range [FSR = ¢/(2nl)] can be visualized as sub-threshold AM mode
locking where the applied current is assumed to be weak and the optical output is therefore still sinusoidal.

Despite Glasser’s theory, most analytic investigations into the small-signal modulation of external-cavity semicon-
ductor lasers only considered modulation below the FSR of the cavity [20, 21] and therefore did not address these
feedback-enhanced peaks in greater detail. This effect, however, did not go unnoticed experimentally as it was heavily
exploited by Lau et al. to increase the modulation frequency of a semiconductor laser from a record modulation of 10
GHz in 1984 (without this effect) [22] to > 17 GHz the following year [19] and then to ~ 70 GHz only a few years
later [23-25]. In the late 1980’s and early 1990’s, studying the deleterious effects of weak, yet generally unwanted,
“back” reflections from e.g. optical fibers became industrially relevant and spurred renewed theoretical interest in this
effect. Accordingly, feedback from small external cavities on the modulation behavior of semiconductor lasers was
studied with greater interest [26-28].

Although the work performed in Refs. [26-28] is directly relevant to the present endeavor, these former efforts
considered only the feedback from a long passive cavity on, what was in contrast, a short semiconductor laser. As the
round-trip times between the semiconductor laser and the external cavity easily differed by an order of magnitude or
more, treating the semiconductor laser as a point source buried in a larger Fabry—Perot cavity (as in [18]) was still a
good approximation. In this paper, however, this approximation breaks down because the effects of feedback within a
two-section semiconductor laser are addressed. In this case!, there is no passive feedback section (as the entire cavity
is formed by active semiconductor) and the spatial dimension of the semiconductor must be accounted for explicitly
in any model or theory as the photon density can no longer be considered constant over the cavity length.

Despite the early work done on multi-section lasers in the late 1960’s by Lasher, Nathan, Basov, and others [2, 5, 6],
the later work on monolithic mode-locked lasers starting with Ref. [9], and modulation studies performed on two mu-
tually coupled semiconductor lasers [29], the value of modulating a multi-section semiconductor laser was not fully
exploited until Vahala et al. demonstrated the beneficial modulation properties of two-section lasers in 1989 [30]. Here
an effect, termed the “gain lever”, improves the modulation efficiency and allows the 3-dB modulation bandwidth to
be extended to higher frequencies by partitioning a laser into two sections, each biased above threshold but at different
levels, of which only one is modulated [30-32]. As a consequence of the bandwidth enhancement and other beneficial
characteristics offered by this approach, it has been the focus of over a hundred studies including Refs. [32-46] and is
still attracting interest today as higher bandwidths are sought and new gain platforms explored [47].

In the present work, a brief review of the principal findings governing the modulation of a two-section semicon-
ductor laser is presented [31, 47]. Then spatial effects in these lasers and their computer simulations are described. By
using a system of partial differential equations, the gap between the spatially agnostic gain-lever and external-cavity
feedback lasers is bridged, since both structures can be represented under this single model. While others have used
models more complex than that presented here to study the gain-lever effect [41, 44], their attention was primarily
restricted to modulation well below the laser’s FSR, with few exceptions [46]. As a consequence, neither the resonant
modulation of these devices nor the role played by the placement of sections within the laser cavity has been fully
explored. These two issues have become important as long-cavity multi-section semiconductor lasers have recently
been demonstrated [48, 49]. In particular, the inherent reconfigurability of this new breed of laser, which allows one
to electronically change the cavity layout extemporaneously, requires a more thorough investigation into these effects.
Experimental findings, numerical predictions, and a new analytic theory will be published elsewhere.

TSub-cavity effects are assumed to play no role in the present work.
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2. THE GAIN-LEVER EFFECT

In 1989 Vahala et al. coined the term “gain lever” to describe a modulation scheme which exploited the advantageous
properties intrinsic to a segmented two-section semiconductor laser under asymmetric pump levels [30]. This scheme
was immediately investigated with an analytic model [31] using a system of well-known rate equations [6]. The
effect can be summarized by noting that biasing one section at a lower current (relative to the other section) results
in an increased differential gain in that section. The increased differential gain enables optical [30] or electrical [31]
modulation to be more efficiently converted to the laser’s output. Figure 1 pictorially depicts a two-section laser
while also highlighting this effect. A gain verses carrier density curve is provided in Fig. 1 to explain the improved
differential gain available at lower carrier bias levels which can be seen by the difference in the differential gains,
shown here as the slopes G|, and Gy,.
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Fig. 1. Depiction of a two-section semiconductor laser (left). The laser is partitioned into a section under a
constant current bias “Section b” and a section which is biased at a constant current but also modulated “Section
m”. The lengths of the biased and modulated sections are denoted by I, and I, respectively while the overall
device length L = Iy + Iy is not shown. Probe contacts depicted in red and blue identify how these devices
are frequently addressed in a research environment but are not part of the device. The facet reflectivity’s are
assumed to be highly asymmetric and denoted by HR: high reflectivity and LR: low reflectivity. The gain verses
carrier density curve (right) clearly identifies the higher differential gain (Gy,) at lower current densities (Nm)
in comparison to that (G})) available at higher current densities (Np). The commonly used transparency gain
N' has also been included in this figure because of its role in Eqgs. (13) and (14) introduced in the next section.

The rate-equation model typically used to investigate the gain lever [47] originates from a long-standing system
of equations which govern the photon density and the carrier concentrations in each of the two sections [2] and is
generally written in the form [47]:

dz—it): l"Gm(Nm(t))(l—h)—&—l"Gb(Nb(t))h—‘L_i S(t), (1)
p
dNm(t) _ Jm(t)  Nm(t)
nll) ) M0 g umesi), @
Tl = B0 ey mumyse), ®

where we have followed [31] by using In= (1 —h)L and I,= hL, L being the total cavity length.
Performing a linear stability analysis on this system of equations about its steady state and normalizing by the
zero-frequency result gives the normalized modulation transfer function

[10]

H W) = — - R 4
norm () —iw3 — (Y + ) 0% +i0AL + Ay “)

where a linear gain assumption was used in this derivation [50]
Gm,b(Nm“b(t)) = C':‘mo.,bO + G;n,b(Nmb(t) - Nmo,b0)7 (5)
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and

A1 = T'So [GmoGy (1 —h) + GpoGpoh| + Y h, (6)
A, =TSy [Gmoefn)/b(l —h)+ GbOGE)OYmh} R @)

were introduced to simplify the appearance of the result. Finally, the damping rates of the modulated (y,) and biased
(1) sections are given by

1
= GpSo+ — (8)
Tm
1
% = G,So+ - C)

respectively. Restricting our attention to the amplitude of the modulation response the result can be further simplified

to
Ax\ /14 @2 )%
[Hnorm (@)| = i ° (10)

V0 + 0B+ 028y + A3
where the additional terms
B1 = (n+m)> —2A1 (11)
B2 = Al — 22 (1 + ) (12)

have been introduced to highlight the functional dependence on frequency.

In Fig. 2 the predicted results for the modulation of a standard single-section laser [50], identical in form to a
driven damped harmonic oscillator, are compared to those predicted from Eq. (10) for the gain lever. This figure
clearly demonstrates that while both models predict the so-called primary resonance peak, the gain lever’s added de-
grees of freedom (section length and the ability to independently select its bias point) enable the engineering of the
modulation response. Still the gain-lever model states no preference for whether the modulated section is located
adjacent to the output facet or at the other side of the cavity; this geometrical issue is taken up in the next section.
Since we restricted our focus to only normalized modulation responses, the improved modulation efficiency at lower
frequencies is not captured in Fig. 2, although it is of considerable practical utility [30].

3. TRAVELING INTENSITY EQUATIONS

Since the primary focus of this study was to investigate the role of cavity feedback and device geometry on laser mod-
ulation, a traveling-intensity equation model was used as the basis for our computational work [51]. This simplified
variant of the more common (and rigorous) traveling-wave model [52] was chosen because it can be thought of as
an only slightly more intelligent version of the traditional rate-equations used to model the gain-lever [47]. Despite
its simplicity, this model can even be used to investigate transient effects such as Q-switching [51] or mode locking
(albeit it constitutes a poor model for mode locking) making it sufficient to capture the effects currently under investi-
gation. To avoid any confusion that would arise when comparing the two models, realistic effects frequently included
in traveling-wave/intensity models (e.g. carrier heating, gain compression, and spectral filtering) have been omitted.
Therefore, the model used here is essentially that of Eqs. (1) — (3) with the spatial dimension added:

IN*(tz)  1al*(t2)

= 8t7 +T9(z) [N(t,2) = N(2)"] 1% (t,2) — ae(2)1 ¥ (t,2) + BBN(t,2)?, (13)
Mz WD NT(;;)Z) BN(L.2)2 - vg(2) [N(t,2) - N@)"] [I* (1.2)+ 1 (1,2)]. (14)

Equation (13) governs two counter-propagating intensity distributions under the slowly varying envelope approxima-
tion. This equation includes the optical confinement factor T', the group velocity v, a gain term g, and waveguide and
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Normalized Response (dB)

. . . . .
0 5 10 15 20 25 30 35 40
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Fig. 2. Predicted modulation response from a single-section semiconductor laser (a) and two simple gain-lever
configurations with identical properties except where necessary (f,h) and (g,i). Here the length of the two
sections has been changed and the bias point and differential gain varied. The traces have been alphabetically
labeled in accordance with the legend from Fig. 3 to depict the laser configurations they represent, although the
numbers used to generate this figure were not extracted from the simulations presented later in this paper.

scattering losses oc. These terms are allowed to vary along the cavity length allowing this model to easily investigate
devices with an arbitrary number of sections and/or the placement of these sections within the cavity. Equation (14)
governs the carrier density as a function of time and location within the laser cavity. Here a location-dependent current
source J, relaxation term 7, and depletion term due to stimulated emission g have been included. A weak but deter-
ministic noise term B has been added to both equations to coax the numerical solution to converge quickly, although
its presence was confirmed to play no physical role in the results because of the values chosen.

Since Egs. (1) — (3) can be derived from Egs. (13) — (14) by spatially averaging over the cavity, the two models can
easily be compared to one another. This provides the relationships between the rate-equation model (left-hand side)
and the traveling-intensity model (right-hand side):

1 1

P v [0!— oL In (RefRrignt) | - (15)

1 rL
S(t) = E/ [1(t.2) +17(t,2)] dz, (16)

0
Im

Nm(t) = 1 N(t,z)dz, (17)

Im 0

1 (L
Np(t) = T/. N(t,2)dz, (18)

b JIm
Gmp(t) = VGmp [Nmp(t) —N"], (19)
mb = Vdmpb, (20)
gm = vg(z) where 0 <z < I, (21)
gp = vg(z) where I <z <L, (22)
In(t) = J(t,z) where 0 <z < Iy, (23)
Jp = J(t,z) where I <z <L, (24)
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0=B. (25)

The terms Sg, Nmo po, and Gmo po in Egs. (4)—(12) are simply given by Egs. (16)—(19) when the system has reached
a steady state. Because S(t) # 17 (t,z = L) but is related to the photon density averaged over the cavity, as given by
Eq. (16), the extraction of experimental parameters using Eq. (1)—(3) is not as straightforward as one may expect or
hope. Of course this is most problematic for cavities with asymmetric facet reflectivity’s.

To model the two-section lasers investigated herein Eqgs. (13) and (14) were solved by discretizing the cavity
into as many as 500 sections of equal length. The resulting equations were then discretized using a robust higher-
order spatial scheme [53] in conjunction with an implicit finite-volume method and solved self consistently with the
Newton—-Raphson method using a 500-fs temporal step size [54]. Although the modulation response can be extracted
quickly by using a Fourier-transform based technique [54], a more time-consuming approach was used to verify the
output always remained sinusoidal. By adding a weak sinusoidally varying signal to one section’s bias current, the
modulation behavior could then be extracted. To accomplish this the output was stored over a number of modulation
cycles and fit with a sinusoid to extract the modulation depth and verify that the output waveform was still sinusoidal
(i.e. the laser output was neither mode locked nor otherwise nonlinearly enhanced). This approach, which mirrors the
way these curves are obtained experimentally, is repeated using a sinusoidal signal at a different frequency until the
frequency range of interest has been swept at the required density.

4. NUMERICAL RESULTS

In this section, numerical simulations of Eqgs. (13) and (14) are presented using realistic values consistent with
quantum-well lasers. Specific focus is given to investigating the role played by the spatial location of the sub-cavity
elements, and it is found, due to the asymmetric mirror reflectivity’s, the length of the laser cavity, and the high mod-
ulation frequencies explored, that geometrical effects can play a prominent role in the modulation response even at
frequencies well separated from the laser’s FSR. We first consider a semiconductor laser of conventional length (400
um) the results of which are shown in Fig. 3. In both Figs. 3 and 4, isolated sections with sinusoidal driving currents
of varying frequencies have been applied to one or both sections as identified by the schematic insets in Fig. 3 (top
right). The different traces in each figure come from varying which section is modulated, its location within the laser,
and through changing the biasing conditions as identified in the legend of Fig. 3 (bottom left).

In Fig. 3, a 400-um two-section laser is investigated computationally under nine different configurations. The
figure clearly reveals three families of curves which highlight the gain-lever effect. Since the FSR of this cavity is
~100 GHz, spatial effects were not found to play a prominent role in the modulation response of this device at the
frequencies investigated and, as a consequence, all the results coalesced to those predicted by the gain-lever model of
Eq. (10). These findings indicate that for lasers of similar lengths and modulation frequencies the existing theory is
sufficient to explain experimental findings, at least as far as the role of spatial effects are concerned.

In Fig. 4, a 1.25-mm laser has been modeled and the frequency range extended. All the parameters used in the sim-
ulation of this longer cavity were identical to those used in Fig. 3 except the cavity length. Since the photon lifetime,
7p, depends on the cavity length [see Eq. (15)] the primary resonance peaks are expected to shift; a result borne out by
comparing the two figures closely. To avoid this discrepancy, it was verified that by changing the values of the facet
reflectivity’s for one of the two structures, to maintain a constant photon lifetime in both simulations, we obtained the
same primary resonant peaks for both lasers. Nevertheless, Figs. 3 and 4 are sufficient to demonstrate the importance
of the cavity length and did not make use of augmented reflectivities but both used those listed in Fig. 1.

Although carrier effects, capacitances, changes in the refractive index, or other phase effects, none of which are
included in this model, could thwart the experimental realization of these exact results over the entire region depicted,
this figure captures the role played by feedback in a longer structure. The striking resonant peaks, clearly visible above
30, 60, and 90 GHz are anticipated by both theory and experiment [18, 19, 27, 28] although the seemingly anomalous
dips appearing at a number of frequencies were not commented on in the past to the best of our knowledge. The peaks,
located at integer multiples of the laser’s FSR (FSRyaser), are the hallmark of cavity enhancement [18] and are due to
photons synchronously passing through the modulated section over multiple round trips. This causes the modulation
effect to accrue over time and enhances the modulation response at these frequencies. The width of these peaks is
related to the finesse of the cavity and therefore limited by the high losses. In this figure, the peak/null values are
somewhat under/over represented due to the 500-MHz sweep resolution used.
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Fig. 3. Simulated modulation response of a 400-um two-section laser under a variety of configurations iden-
tified in the legend (bottom left) and the lookup table (top right). In the legend, DG is an abbreviation for
differential gain. The four cases, whose data is not shown, correspond to the so-called “inverted” gain lever
which offers a reduced efficiency and lower resonance peak than the the other cases explored here. This data
was omitted only to simplify the appearance of Figs. 3 and 4. The laser is split into a short (80 um) and long
(320 um) section in this simulation. In this figure nine of the thirteen different ways a two-section laser of fixed
section length but variable location and biasing is investigated.

The origin of the sharp dips is also physically intuitive; it is due to photons passing through the modulated section
at its peak during one round trip only to pass through this section at its minimum during the following round trip. This
situation is responsible for the nulls in the modulation response seen around 18, 27, 53, and 88 GHz. If the modulated
sections were infinitesimally thin these features would all occur at (n + 1/2) x FSR|aser Where n = 0,1..., however, be-
cause of the finite thickness of the modulated sections the dips are shifted to the locations reported in Fig. 4(b,c,f,g).
This results in the nulls at 18 and 27 GHz being shared by only two curves, whereas the resonant peaks are shared by
all but the single-section modulation case. The existence of the dips themselves, on the other hand, is related to the
output facet used in the simulation. For example, in Fig. 4(c) by placing a modulated 250-um section in front of the
LR mirror it is found that a dip is created at the LR facet at 18 GHz. However, if the output was taken at the HR facet
this null would not exist which is why no dip is found at these frequencies in Fig. 4(e). It can therefore be concluded
that while the asymmetric cavity losses play a role in determining the strength of the modulation response, they do
not affect the physics leading to the nulls themselves; it is due only to the modulation washing itself out. This same
effect occurs at higher harmonics of the cavity (i.e. 18 GHz + nxFSRjaser) although the situation is more complex for
Fig. 4(b) and (d) which is why a null is not found at 60 GHz. In this case, a null is formed within the cavity at these
frequencies but they are amplified to the levels reported in this figure before reaching the facet.

Nulls are also formed by the finite transit time of the light in the section modulated [55]. In this case photons enter
the modulated section at one extreme of the modulation cycle only to exit that section at the other modulation extreme
causing the effect of the modulation on those photons to wash out on a timescale related to the length of the modulated
section. The physical mechanism here is essentially the same as that which creates the other dips just commented on,
it just occurs on a different time scale. This is a real issue, problematic for high-frequency modulators, which serves as
the motivation for building traveling-wave modulators where the modulating RF signal propagates at the same speed
as the light along the length of the structure [55, 56]. In these simulations the transit-time limitation leads to the dips
at 40 and 80 GHz [the free-spectral range associated with the 1.0-mm section (FSRsection) and its higher harmonics].
Therefore by placing a modulated 1-mm section in front of the HR mirror, in Fig. 4(d), it is found that a dip is created
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Fig. 4. Simulated modulation response of a 1.25-mm two-section laser under a variety of configurations iden-
tified by the legend (bottom left) and the lookup table (top right) in Fig. 3. The laser was split into a short (250
um) and long (1 mm) section in this simulation. In this figure, nine of the thirteen different ways a two-section
laser of fixed section length but variable location and biasing are investigated.

at the LR facet at 40 GHz and its harmonics. However, if the output was taken at the HR facet this dip would only
exist at 80 GHz and its harmonics. This is why this effect only occurs for the single-pass frequencies 2 xnxFSRgection,
where n =1,2... in Fig. 4(b). Of course because the FSRgection Of the 250-um section is 160 GHz this effect plays no
role in Fig. 4(c,e,g,i) over the frequency range explored.

Regardless of their origin, these dips may be difficult to identify experimentally due to signal-to-noise ratio is-
sues especially when the device impedance is not properly matched and the modulation is accompanied by a parasitic
capacitance. In this case, the higher frequency components will be driven into the noise floor of the test equipment
obscuring the presence of any dips which may be present.

A useful finding made by careful inspection of Fig. 4 is that even for modulation studies well below the laser’s
FSRyaser (say up to 15 GHz here) spatial effects will change the modulation response making it difficult to obtain
accurate fits with the gain-lever model at higher frequencies [47] or leading experimentalists to improperly fit their
results with the gain-lever model thus erroneously extracting lifetimes. Finally, the single-section response shown
in Fig. 4(a) mandates explanation. Regardless of the device structure, the physical effect of resonant modulation is
always present and so one might expect these structures to also display a peak. Nevertheless, for devices with identical
facet reflectivity’s, the finite transit time’s filtering effect exactly cancels this out and the result predicted by the most
basic model for single-section modulation [50] still holds true.

5. CONCLUSIONS

An overview of multi-section semiconductor lasers, external-cavity semiconductor lasers, and the modulation of semi-
conductor lasers was reported in order to highlight that spatial effects in these devices have not been sufficiently in-
vestigated. The gain-lever model was reproduced because of the focus on multi-section devices, and it was compared
with the modulation from a single-section device. This model reveals the well-known results that the modulation
bandwidth and/or efficiency can be improved by using a multi-section device. Numerical simulations based on a
traveling-intensity equation model were used to incorporate spatial effects and investigate the gain-lever effect when
the spatial dimension of the device plays a role. The findings indicate that at high frequencies or for long cavity lengths
feedback enhancement causes the modulation response to depart from that predicted using analytic results. This not
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only occurs near the FSR but at frequencies substantially removed from it as well. Finally, our simulations predict not
only resonant peaks in the modulation response but also dips due to transit time limitations.
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